The antioxidative and photoprotective properties of vitamin E have caused it to be included as an active agent in various pharmaceutical and cosmetic products. However, its lipophilicity, chemical instability and poor skin penetration have limited the effectiveness of these formulations. For that reason, many attempts to include it in different drug delivery systems have been made. In recent decades, lipid nanoparticles have received special attention due to their advantages of compatibility with the skin, ability to enhance penetration of drugs in the stratum corneum, protection of the encapsulated substance against degradation induced by the external medium and control of drug release. This work reviews the current status of the encapsulation of vitamin E in lipid nanoparticles. We describe the most important methods for obtaining and characterizing lipid nanoparticles containing vitamin E (LNP-VE), various techniques for the evaluation of vitamin E's properties after encapsulation, the main in vitro and in vivo studies of the potential effectiveness or toxicity of LNP-VE, the formulations and stability studies of this delivery system, the commercial products based on LNP-VE and the regulatory aspects related to lipid nanoparticles. Finally, we discuss the most relevant advantages of encapsulating vitamin E in such particles and critical aspects that still demand attention to enhance the potential of solid lipid nanoparticles to deliver vitamin E.
Introduction
Vitamin E (VE) was discovered in 1922 and comprises a family of eight compounds: four tocopherols (a, b, c and d) and four tocotrienols (a, b, c and d). All of them are liposoluble compounds, and atocopherol is the most abundant in nature and the most active form since a pharmacological point of view [1] [2] [3] . Because of its antioxidative and photoprotective properties, vitamin E has been widely used as an active agent in pharmaceutical and cosmetic products [4] . Some experts have summarized the possible applications of vitamin E in recent decades. However, they also have agreed on the need for further research in the form of welldesigned controlled trials to support the benefits of products containing vitamin E [4, 5] . In addition, several authors think that developing improved formulations of vitamin E could help obtain more relevant results after the application of this active compound. This idea is supported by the lipophilicity, chemical instability and poor skin penetration of vitamin E, which limits its effectiveness [2, 6, 7] . Therefore, several drug delivery systems have been used to administer vitamin E. Liposomes [8, 9] , polymeric micro and nanospheres [10] [11] [12] , nanoemulsions [13, 14] , transdermal devices [15, 16] and lipid nanoparticles (NPs) [17, 18] are some examples.
These drug delivery systems have been investigated to improve both oral and topical formulations of vitamin E. However, topical administration of this compound has been receiving more attention due to the potential impact that it could generate in increasing the number of pharmaceutical and cosmetic products available in the market. In this regard, lipid nanoparticles are one of the most promising delivery systems for the administration of liposoluble drugs such as vitamin E.
Lipid nanoparticles were introduced in the early years of the 1990s when their inventors published the first patents and papers [19] . They can be defined as particles composed of lipids stabilized by surfactants that are solid at body and ambient temperature [20] and are considered colloidal carriers based on effective lipids with sizes varying between 40-50 and 1000 nm [21, 22] .
There are currently two generations of lipid nanoparticles. The first is called solid lipid nanoparticles (SLNs) and the second generation is named nanostructured lipid carriers (NLCs) [23] . The last one emerged as an improved system in relation to SLNs as the main difference, which is the inclusion of a liquid lipid in the structure, aims to solve the problems associated with the first generation of lipid particles. These limitations are the relatively low encapsulation efficiencies and the expulsion of the encapsulated substances during storage. Both are a consequence of the more organized matrix due to the lipid crystallization process, which impedes the accommodation of other molecules inside the nanoparticles [6, 22] .
In general, lipid nanoparticles have advantages over other systems used for topical administration:
• more compatibility with the skin, as lipids are normal components of its structures [21] , • enhanced penetration of active compounds in the stratum corneum [17, 24] , • low cost, and simple and easy-to-scale preparation [6, 25] , • excellent physical stability, with no leakage of encapsulated active substances [25, 26] , • chemical versatility and biodegradability [22, 27] ,
• controllable release profiles [17, 26] , • protection of the encapsulated substance against degradation processes induced by the external medium [17, 28] .
Several authors have published interesting results about the inclusion of vitamin E in lipid nanoparticles for topical delivery. Some of them are focused on studying the properties of lipid nanoparticles prepared with vitamin E as a model molecule or an antioxidant additive [29] [30] [31] . However, there are many other articles centred on obtaining lipid nanoparticles loaded with vitamin E for pharmaceutical or cosmetic applications [17, 18, 32] . All of them supply valuable information for future investigations of these systems. Therefore, this work comprehensively reviews the key aspects of lipid nanoparticle technology that can be successfully adapted to prepare improved formulations of vitamin E.
Preparation of lipid nanoparticles containing vitamin E
Both types of solid lipid nanoparticles (SLNs and NLCs) are produced by the same methods. These are high-pressure homogenization, microemulsion, emulsification-solvent evaporation, emulsificationsolvent diffusion, solvent injection (or solvent displacement), phase inversion, multiple emulsion, ultrasonication and membrane contractor technique. Many reviews describe all of them in detail [22, 33] . Of these techniques, only a few have been applied to prepare lipid nanoparticles with vitamin E. Here, we divide them into two groups, depending on the processes that transform the lipid phase into solid nanoparticles: (1) emulsion-solidification and (2) emulsionsolvent evaporation. Each group is then subdivided regarding the technique used to generate the emulsion: (a) high-pressure homogenization, (b) microfluidization, (c) ultrasonication, (d) microemulsion and (e) high-shear homogenization.
Emulsion-solidification
The principle of these methods is to form an emulsion by dispersing a molten lipid phase in an aqueous surfactant solution. The drug is usually a lipophilic compound which is dissolved in the molten lipid phase. When the nanoemulsion is formed, the system is cooled and the droplets solidify, generating the lipid nanoparticles loaded with the drug. The main advantage of these methods is to avoid the use of organic solvents [34, 35] .
All five alternatives for generating the emulsion mentioned above can be used in this case. Each one of the resulting procedures has typical experimental factors that influence the final characteristics of the lipid nanoparticles.
Emulsion-solvent evaporation
This group of methods is based on dispersing a solution of the lipid components in an aqueous surfactant solution. The lipids and the lipophilic drug are commonly dissolved in an organic solvent such as dichloromethane, cyclohexane or chloroform [36] . When the nanoemulsion is formed, the solvent is extracted/evaporated and droplets start to solidify until the formation of the solid lipid nanoparticles carrying the drug. The emulsion can be formed by the same techniques already mentioned, and the solvent can be evaporated by simple agitation, rotoevaporation or spray-drying. The main disadvantage of these methods is the presence of residual solvent in the particles [34, 37] . Because of that, it is very important to eliminate the solvent, or at least ensure the amount is below the acceptable limit. However, these methods are useful for encapsulating drugs which are very poorly soluble in lipids and whose solubility is favoured with the addition of an organic solvent [19] , and also for drugs that are sensitive to heat, because these methods do not need thermal stress [34, 37] . For all methods referred to above, it is common to make a coarse emulsion before supplying the high energy to the system [25, 31, 38] . This approach helps form a more homogeneous emulsion but means another step in the process of preparing the lipid nanoparticles. Consequently, the real need and/or advantage of introducing this step must be evaluated in each particular case.
As already mentioned, several techniques can be used to disperse the lipid phase in the continuous aqueous phase. These are discussed next.
High-pressure homogenization
This technique is quite good to form nanoemulsions composed of the lipid phase (melted or dissolved) and aqueous phase containing the surfactant previously heated at the same temperature. Generally, a pre-emulsion is prepared and then passed under high pressure (100-2000 bar) through a homogenizer valve. The fluid accelerates in a very short distance, reaching a high speed. Due to the high-shear stress forces, the lipid substances are divided into small droplets. The main disadvantage of this technique is the low encapsulation efficiency for hydrophilic substances. This is because the drug migrates to the external aqueous phase during the particle formation. However, it is recommended for lipophilic active agents such as vitamin E [21, 39] . Also, it is a proper technique to produce large quantities of sterile nanoparticles because there are industrial-scale high-pressure homogenizers that work in a closed regime [19] . Consequently, this technique is most widely used to prepare SLNs and NLCs containing drugs or cosmetics [34] .
Microfluidization
Microfluidizers are high-pressure homogenizers that have, instead of a homogenizer valve, an interaction chamber in which the fluid is injected and homogenized by cutting, impact or cavitation. As in high-pressure homogenizers, the droplet size will depend on the number of cycles, pressure and temperature during processing [40] .
Ultrasonication
Before ultrasonication, the active agent is added to the solid lipid previously melted or dissolved in a proper organic solvent. Then, the aqueous phase is mixed with the lipid phase using a probe or bath sonicator. For smaller particle size and more homogeneous particle size distribution, a combination of both ultrasonication and high-shear homogenization can be advantageous. This technique is simple and easy to perform but has some disadvantages, such as potential metal contamination, physical instability (e.g. particle growth during storage) and difficulties for scaling up [41] .
Microemulsion
A microemulsion is formed when the lipid phase containing the drug is mixed with the aqueous phase, including the surfactant and almost always a co-surfactant. After producing the microemulsion, drastic cooling is performed to solidify the droplets and create the nanoparticles loaded with the active agent. This special type of emulsion does not require very much energy to form, and thus, it can offer some advantages if the drug is highly sensitive to shear forces or cavitation. Another advantage of this technique is the possibility of obtaining nanoparticles with a narrow size distribution due to the nature of the emulsion formation process, which is thermodynamically favoured [37] . The main disadvantages of this technique are the relatively high quantity of surfactant that is generally required to form such systems and the production of very diluted nanosuspensions that could hinder further scaling up [19, 41] .
High-shear homogenization
The mixture of the lipid and the aqueous phase is emulsified by high-shear homogenizers such as the ultra-turrax devices. This procedure is easy to perform but the dispersion quality is often compromised by the presence of microparticles, the most important limitation [39, 41] .
Tables I and II summarize the processes and ingredients used to prepare nanoparticles containing vitamin E, along with some key aspects and main conclusions derived from works published since 1999 to 2017. As can be observed, the most frequently used ingredients are stearic acid, glyceryl monostearate, glyceryl behenate and cetyl palmitate as solid lipids; medium chain triglycerides (TCM) and oleic acid as liquid lipids; and Tween 80, Tween 20, soy lecithin and Pluronic F-68 as emulsifiers. All of these excipients have been widely used to encapsulate other drugs and cosmetics, as has been thoroughly reviewed by different authors [19, 35, 42, 43] . The most utilized methods to prepare SLNs/NLCs containing vitamin E are emulsion-solidification using high-pressure homogenization or ultrasonication to form the emulsion. This also coincides with the most used procedures for other pharmaceutical or cosmetic agents [33] .
After the preparation, the nanoparticles can be stored as a nanosuspension in the medium where they were formed or they can be ultrafiltrated in order to change that medium to another more favorable depending on the final purpose [49] . Some authors have used filtration to recover the particles [47] , but this procedure can affect the final yield of the process because a part of the material is lost in the filter. Other researchers have preferred to dry the particles by lyophilization without previous treatment [32] . However, aggregation of particles can occur as a consequence of the freezedrying process and the removal of water. The addition of an adequate amount of cryoprotectant and/or lyoprotectant can prevent or minimize the aggregation of nanoparticles during this process [21] .
All the methods used to prepare SLNs/NLCs involve a great number of experimental parameters that modify the final properties of nanoparticles. Lipid proportion, type and concentration of surfactant, temperature, ultrasonication time, pressure and cycles of homogenization when the emulsion is obtained with a high-pressure homogenizer are only some of them. Many papers contain studies focused on determining the most relevant factors for each system and their specific effect on the final product. However, there are only a few works that have used statistical experimental designs for that purpose. To the best of our knowledge, there is only one paper about lipid nanoparticles containing vitamin E that employs this tool [47] . De Carvalho and co-workers first used a fractional factorial design to determine the most influential factors in the particle size, recovery of a-tocopherol and zeta potential. They identified the concentration of three components of the system (active agent, lipophilic surfactant and hydrophilic surfactant) as the factors to include in the optimizing step, which was performed by the response surface methodology. These important tools should be more exploited because they allow obtaining more complete information with the lowest number of experiments.
Characterization of SLNs/NLCs loaded with vitamin E
Adequate characterization of the particles is a prerequisite for the quality control of products based on SLNs and NLCs. Some parameters receive more attention because they have a direct impact on particles' stability and release kinetics. They are particle size, zeta potential, particle morphology, degree of crystallinity and modification of lipids [42] . Table III summarizes the general parameters used to characterize SLNs/NLCs containing vitamin E, the specific measurements associated with these parameters, and the common techniques utilized to determine them.
Morphology
The morphological properties of lipid nanoparticles are often evaluated after the preparation in order to determine the shape of the particles and to visualize possible agglomeration. Particularly, Dingler et al. [44] concluded that surfactants used in the preparation of SLN-VE distorted the crystal formation, leading to more spherical shapes than the ones of SLNs made without the drug. The last ones had platelet-like shapes typical of the b-modification present in the crystalline structure of pure lipids. Using transmission electron microscopy, Carvalho et al. [47] observed some agglomeration between the lipid nanoparticles and signals of lipid crystals around the particles. Recently, Yin and Misran [51] observed that NLCs prepared with stearic acid as solid lipid, oleic acid as liquid lipid and Tween 80/lecithin as surfactants exhibited potent aggregation when they were loaded with a high amount of alpha-tocopherol.
Particle size
The mean particle diameter and size distribution can be determined by several techniques, but only a few are frequently used to characterize solid lipid particles. The most exploited techniques have been photon correlation spectroscopy (PCS) or dynamic light scattering (DLS) and laser diffraction (LD) [54] . PCS measures the fluctuation of the intensity of the scattered light that is caused by the movement of the particles and analyses diameters between 3 and 3000 nm [54] . The LD method is based on the dependence of the diffraction angle on particle size (Fraunhofer spectra) and can measure sizes between 40 nm and 2000 lm [33] .
There are many experimental conditions that directly affect the particle size: composition of SLNs, formulation variables such as surfactant or surfactant mixture, amount of drug incorporated, structural properties of lipid and drug, production methods and technological parameters [55] . Therefore, it really is difficult to make comparisons between the results of different works. However, it is worth mentioning some results about the particular effect of some experimental conditions on the size of lipid nanoparticles containing vitamin E. For example, Ma et al. [50] found that an increase in the liquid lipid proportion and the number of homogenization cycles caused a reduction in the particle diameter and PDI. Kim et al. [52] had similar results in relation to the proportion of liquid lipid. Niculae et al. [32] found that different surfactants can form particles with different diameters, while several authors agree that smaller particles and lower PDIs are obtained with increasing surfactant concentration [17, 29] . An increase in mean particle diameter and PDI was associated with higher proportion of vitamin E by Ying et al. [51] and with higher levels of total lipid phase by Ma et al. and Chen et al. [17, 50] .
Zeta potential
In suspensions, the surface of particles develops a charge due to the ionization of chemical groups or adsorption of ions [56] . Zeta potential is the parameter that quantifies this characteristic. It can be interpreted as the electric potential of a particle in a suspension but really it is the electric potential at the shear plane, an imaginary surface separating the thin layer of liquid (liquid layer constituted of counter ions) bound to the solid surface of the particle in motion [33] . This parameter is influenced by the charge characteristics in the particle surface and the composition of the solution in which the particles are suspended [56] . Laser Doppler velocimetry quantifies the particles' charge from their mean electrophoretic mobility. Zeta potential is crucial in nanosuspension stability, and it is well accepted that its absolute value should be greater than 30 mV to assure complete electrostatic stabilization [33] . Consequently, some authors assume that the resulting nanoparticles loaded with vitamin E are physically stable when they have zeta potential values lower than À30 mV or higher than +30 mV [17, 28, 29, 32] . However, others perform different tests to prove the stability of NPs in relation with their zeta potential values. For example, the highest value for this characteristic in lipid NPs containing vitamin E (À45.55 mV) was reported by Ma et al. [50] who demonstrated that these particles were stable for 560 days at 4°C. Carvalho et al. [47] obtained SLNs with comparable zeta potential (À41.9 mV) and demonstrated 3 weeks of stability at 6 or 20°C. Two similar samples of nanoparticles with different zeta potential were prepared by Abla and Banga [18] , and the ones having lowest zeta potential (À10 mV) were unstable. The particles prepared by these authors with À32 mV were stable for 3 weeks. Other lipid particles containing vitamin E with zeta potential around À30 mV have shown different stabilities: 15 weeks at room temperature [30] or 4 weeks at 4°C [51] . This confirms that zeta potential is not the only factor that determines the physical stability of lipid nanoparticles.
Finally, it is opportune to remark that there is a lack of information about the influence of experimental variables on the zeta potential of vitamin E-loaded lipid NPs or the variation in this parameter during storage. In fact, only one article mentioned that zeta potential of SLNs containing tocopherol slightly increases during storage. The authors suggested that this phenomenon could be related to structural re-arrangements near the surface of the particles [30] .
Vitamin E loading and encapsulation efficiency
The quantity of drug that is possible to encapsulate in these nanoparticulate systems, and hence the encapsulation efficiency, is strongly dependent on: (1) the nature of the molecule, which determines the compatibility with the lipids, and (2) the structure of the lipid matrix, which is related to its crystallinity [30, 57] . As [18, 31] Franz diffusion cell/HPLC [25, 51] vitamin E is a lipophilic compound, its compatibility with the lipid matrix is generally good, thus the encapsulation efficiency (EE) is usually high, also allowing high drug loads (DL). The assessment of these parameters is quite important, and DL should be carefully quantified. This is because it defines the quantity of nanoparticles that need to be used depending on the purpose and also affects other crucial characteristics of NPs, like release profile [56] . There are many standard analytical techniques that can be employed, but spectroscopy and HPLC are the most popular methods [57] . Coincidently, these are the techniques used to assess DL and EE in lipid nanoparticles loaded with vitamin E by all the authors (See Table III ). Generally, the nanoparticles are previously treated with methanol or ethanol, depending on their composition. Almost all the studies report high encapsulation efficiencies (>70%), and some of them attain values close to 100% [17, 25, 30, 47] . This fact can be related to the lipophilic character of vitamin E, which favours its retention in the lipid phase during the formation of nanoparticles [30] . Only a few works refer to the influence of experimental conditions on encapsulation efficiency. For example, Kim et al. [52] affirmed that the encapsulation efficiency of vitamin E in NLCs rises with increasing liquid lipid proportion. Shylaja et al. found that higher EE was obtained by increasing the proportion of vitamin E. These results agree with the fact that the addition of liquid lipids to the solid lipids was just intended to increase the quantity of drug that can be accommodated in the lipid matrix.
Despite the importance of drug loading, as mentioned, only one investigation reports such results. Cortesi et al. (2017) obtained a nanosuspension of NLCs having 4.13 mg mL À1 of vitamin E [31] . The assessment of drug loading can help to complete the characterization of lipid particle suspensions. Thus, more attempts to calculate this parameter will be welcome.
Properties of the lipid matrix and particle structure
The particle structure is deeply influenced by the crystalline properties of the lipids, their affinity and compatibility with the encapsulated substance. The location of the drug in the particle structure is also affected by these parameters, and by the properties of the film-forming surfactant [30] , the method used to produce the particles, and technological and composition variables. There are different models that have been proposed considering different situations. Figure 1 depicts details of these models, taken from an article by Souto et al. [58] published in 2007.
In addition, during storage, polymorphic transitions can occur on the crystalline structure of lipids leading to changes in the internal structure of the nanoparticles. This phenomenon is responsible for alterations in the release pattern or activity of the encapsulated compounds [30, 58, 59] .
The most used lipids to obtain SLNs and NLCs crystallize into three main structures: hexagonal (a), orthorhombic perpendicular (b 0 ) and triclinic parallel (b) [58] . Differential scanning calorimetry (DSC) and X-ray diffraction (XRD) can be used to study the crystalline properties within nanoparticles [54] . DSC allows the study of melting and crystallization behaviour of crystalline material that forms the nanoparticles, or as in the case of NLCs, drug and lipid interactions, and mixtures of solid lipids and liquid lipids [56] . On the other hand, the structure and domains of the liquid lipid can be analysed by nuclear magnetic resonance (NMR) [60] .
There are few studies about the crystalline structure of SLNs/ NLCs loaded with vitamin E, its behaviour over the time and impact on the nanoparticles' characteristics. To the best of our knowledge, only two papers contain detailed information about this matter. Carvalho et al. found that SLNs without VE have a similar diffraction pattern to bulk lipid corresponding to the b 0 polymorph of the solid lipid, while NPs containing VE have a and b 0 polymorphic forms. These findings led them to think that the inclusion of this compound in the lipid matrix creates more imperfections in the crystalline lattice, favouring the retention of the drug inside the particle during shelf life. In addition, DSC analysis confirmed the presence of b 0 polymorph by virtue of its melting point pattern, which decreased in absolute value, onset and endset, indicating the coexistence of a and b 0 polymorphic forms. The accommodation of vitamin E in the solid lipid matrix reduced the crystalline character of the resulting structure [47] . Another study, made by Oehlke Figure 1 Models for the structure of solid lipid nanoparticles and nanostructured lipid carriers that can be obtained under different conditions determined by the nature of the components and their relative solubility/proportion. et al. [30] reported that the inclusion of vitamin E in the particles did not interfere with the crystallization of the solid lipid. It was not possible for them to define which polymorphs were formed after particle solidification. Results obtained from DSC analysis revealed that melting enthalpy was proportional to the solid lipid content and did not change over time, indicating that the crystallinity remained constant during storage (15 weeks at 25°C). The inclusion of VE led to the broadening of the melting range, which is in agreement with the other results. These findings and the timedependent changes of the radical scavenging activities of VE-SLNs make authors think that variations in the location of VE inside the particle occurred [30] . The different behaviour described here could be related to the nature of the systems, which differ in the solid lipid and the surfactant.
These studies could be useful to establish relations between the polymorphic forms present in the different SLNs/NLCs containing vitamin E and the physical stability of nanosuspensions.
Release profile of vitamin E
The in vitro release studies are important to compare the ability of different lipid nanoparticle preparations to retain the incorporated substance and release it from the lipid matrix in the desired way, according to the purpose of the system [56] .
There are many factors that govern the release profile of an encapsulated substance: the particle size and size distribution; drug loading; internal structure of the particle; distribution of the encapsulated substance inside the particle; and compatibility between the components of the particles and the encapsulated molecules, and hence the interactions between them, among others [19, 61] . For example, tiny particles have a larger surface area, but larger particles have bulky cores accommodating more of the drug and further diffusion out. Therefore, when the drug is homogeneously dispersed in the lipid matrix, slower drug release can be achieved [55] . In relation to the drug content, it is strongly affected by the affinity of the drug and the rest of the excipients that form the particle and is also influenced by the production method. The last one is quite important to the final structure of the particle, which is also affected by the nature and concentration of the surfactant [61] . Considering this, an exhaustive investigation of the factors that significantly affect the release profile of each particular system can help to design the desired delivery system.
Release studies can be performed in several ways [62] . Specifically, for the lipid nanoparticles releasing vitamin E, these studies have been carried out in two ways: 1 by the dialysis method, incubating the particles in phosphate buffer saline (pH 7.4) at 32°C [18] or in ethanolic phosphate buffer saline (pH 7.4) at 23-25°C [31] , with vitamin E assessment by HPLC, or 2 using a Franz diffusion cell for incubating the nanoparticles in methanolic phosphate buffer (pH 7.4) at 37°C [25] or in ethanolic phosphate buffer (pH 7.4) at 30 and 37°C [51] , with vitamin E quantification by UV spectrophotometry.
The suspension of lipid nanoparticles loaded with vitamin E prepared by Abla and Banga [18] had quick release after incubation (30% in 2 h) followed by a controlled delivery period in which the VE released attained 75% in 24 h. The release profile exhibited by the suspension of SLN-VE obtained by Shylaja and Mathew [25] has a slow release step (20% in 2 h) followed by the controlled release of 75% in 8 h. These authors attributed the slow release stage to the difficulty of the diffusion of vitamin E through the lipid matrix [25] . Ying and Misran [51] reported that the NLC-VE formulated in a gel had the lowest release profile (30% in 24 h), followed by the formulation of free vitamin E in a gel (40% in 24 h), the suspension of the nanoparticles loaded with vitamin E (70% in 24 h) and a solution of free vitamin E (100% in 24 h).
Cortesi et al. [31] fitted the experimental data of the release profiles to semi-empirical equations describing Fickian dissolutive and diffusional release mechanisms. This analysis indicated that diffusion is probably the main mechanism involved in releasing vitamin E from these particles [31] . Similarly, Shylaja and Mathew [25] fitted their release profile data to models representing zero order, first order, Higuchi's square root of time kinetics and Korsmeyer-Peppas semi-empirical equation. According to the results, the release of vitamin E encapsulated in these lipid nanoparticles follows a firstorder kinetic [25] .
It is not useful to compare results obtained by different authors because the nanoparticles have different properties, but it is important to remark that the encapsulation of vitamin E in SLNs or NLCs allows controlling the release of the active agent. It is important to study more thoroughly the mechanisms involved in the release of vitamin E from lipid nanoparticles.
Characterization and stability of vitamin E encapsulated in lipid nanoparticles
To assure the utility of lipid nanoparticles with vitamin E to develop commercial products, the activity of this compound should be preserved. Thus, the characterization of vitamin E after encapsulation, formulation and storage is necessary.
It is possible to use reversed-phase high-performance liquid chromatography with UV spectrophotometric detection to study the stability of the different forms of vitamin E. This technique was used by Dingler et al. [44] to prove that the stability of atocopherol acetate was better when it was encapsulated in solid lipid nanoparticles instead of being formulated in a soybean oilin-water emulsion or dispersed in an aqueous surfactant solution. These authors diluted the vitamin E-loaded nanoparticles with methanol before analysis. Oehlke et al. [48] evaluated the antioxidant activity of vitamin E encapsulated in SLNs and found that this property remained unchanged after the encapsulation process. RP-HPLC was also employed by Abla and Banga [18] to test VE after exposing the nanosuspensions to a solar simulator. They demonstrated that VE encapsulated in NLCs remained unchanged, while VE free or included in mineral oil was almost completely degraded. These authors also evaluated the antioxidant activity of encapsulated VE by means of the ferric reducing antioxidant potential assay and found that VE retained all its activity [18] . Likewise, Chen et al. [17] investigated the stability of VE loaded in NLCs after exposure to a UV lamp. RP-HPLC analysis revealed that encapsulated VE retained 82-88% of the initial activity while non-encapsulated VE conserved 62% [17] . Another study was reported by Oehlke et al. [30] , who observed that the initial recovery of VE was 77.4 AE 6.7%. They attributed this loss to the high temperature during particle preparation. After 15 weeks, the activity fell to 68.2 AE 6.5%. A final study conducted by the same authors demonstrated, by means of electron paramagnetic resonance spectroscopy, that the radical scavenging activity of encapsulated VE was completely retained during 15 weeks [30] .
These studies show different ways to investigate the properties of vitamin E after encapsulation in lipid nanoparticles. They also confirm that it is possible to prepare these delivery systems while preserving the activity of this compound.
Formulation of lipid nanoparticles loaded with vitamin E
After preparation, lipid nanoparticles should be included in a suitable pharmaceutical formulation, depending on the administration route. According to the main applications of vitamin E, topical formulations such as creams, lotions or gels can be used. The inclusion of these particles in a topical formulation not only makes them proper to administer, but also increases their physical stability. This is because the collisions between particles decrease by virtue of the dilution of particles in the formulation and the increase in the medium's viscosity [44] .
Production of creams containing lipid nanoparticles is a simple process. Generally, the aqueous phase is partially substituted by the aqueous SLN/NLC dispersion. Sometimes a little reduction in the oil phase content is necessary due to the lipid character of the particles to be added, which may lead to an increase in general viscosity of the formulation. During the addition of the nanosuspension and the homogenization process, efficient control of the temperature is required. This is to avoid the melting of the nanoparticles during the formulation process, thus preventing undesirable changes [58] . In the case of lotions, a part of the water can be replaced by the nanosuspension containing the lipid particles [22] . The formulation of lipid NPs in gels is relatively easy too. Commonly, the gel is produced with all excipients and a reduced quantity of water and then mixed with the SLN dispersion [45] . The nanosuspension that is incorporated into a gel or cream regularly has 5-10% of solid material [50] .
Dingler et al. [44] included lipid nanoparticles containing VE in a conventional cream. The nanosuspension was diluted 1:10 in a previously formulated cream. The resulting formulation was then evaluated in terms of stability, occlusivity properties and penetration into the skin layers [44] . A hydrogel made of xanthan gum as gelling agent and glycerol as hydrating excipient was used by Wissing and M€ uller [45] to formulate SLNs containing VE. The stability of the formulation was evaluated as well as its UV-blocking ability and occlusivity properties [45] . Niculae et al. [32] formulated NLCs with VE in a previously prepared cream. They lyophilized the nanoparticles before addition to the cream. The photoprotective properties and protection factor of these creams were then studied [32] . Ying and Misran [51] incorporated nanoparticles in a thermosensitive gel made of carboxymethylcellulose and iota-carrageenan. Rheological studies of formulations revealed that the inclusion of lipid nanoparticles with vitamin E in the gel increases the rigidity of the system. The encapsulation of VE in NLCs together with the inclusion of particles in a gel formulation resulted in the slowest release profile of the active agent [51] .
When SLNs/NLCs containing VE are going to be included in a pharmaceutical dosage form, it is necessary to prove that the formulation really stabilizes the nanoparticles, because the excipients can negatively interact with them, affecting their stability. For example, lipid nanoparticles can interact with the oil droplets of the cream, depending on the compatibility [44, 45] . In this case, lipid nanoparticles can dissolve in the oil phase of the emulsion, releasing the encapsulated substance. Consequently, preformulation studies should be performed to help find the best dosage form for each system.
Stability of lipid nanoparticles containing vitamin E
The stability of lipid nanoparticles should be analysed in the suspension and after the formulation in a suitable pharmaceutical formulation. Because in suspension the surfaces of particles develop charge, zeta potential is very useful to allow predictions about the storage stability of a colloidal dispersion [36] . However, there are some other aspects to be studied over the time: mean particle diameter, size distribution, lipid polymorphism, drug content, etc.
Most of the published works about the encapsulation of vitamin E in lipid nanoparticles focus attention on studying the stability of nanosuspensions in the way they are at the end of the preparation process. Such studies give an idea about the influence of some components or experimental parameters in stabilizing the structures in suspension, but evaluation of the stability of lipid nanoparticles when they are already formulated is crucial. This is because they can interact with the lipophilic components of the formulations, as already mentioned. Such interactions can favour changes in the structure of particles, which can also affect the quantity of encapsulated substance that remains inside the lipid matrix, and their activity. The release profiles can also be modified. In addition, partial dissolution of the nanoparticles may occur if the compatibility of the lipids forming them and the lipophilic components of the formulation is very high. The content of lipid nanoparticles in a cream can be analysed by DSC [44, 45] . Table IV summarizes the stability studies reported for lipid nanoparticles containing vitamin E. It is not useful to make comparisons because the systems are very different in relation to the composition and the preparation conditions. However, results of the stability experiments indicate it is possible to obtain stable lipid nanoparticles. Size and PDI are the parameters evaluated most to ascertain the stability of lipid particles containing vitamin E, but more investigations aimed to determine how much vitamin E remains inside the particles during storage can contribute to further to this topic. New stability studies of lipid nanoparticles loaded with VE included in suitable pharmaceutical dosage forms will be welcome too.
In vitro studies to explore the potential effectiveness and toxicity of lipid nanoparticles with vitamin E Novel formulations based on drug delivery systems are generally expensive to develop and to introduce in the pharmaceutical industry. Consequently, their development should be justified by the advantages of such systems over the conventional formulations. Many in vitro tests are commonly carried out with this purpose. Tests to evaluate the occlusivity, UV-blocking capacity, photoprotection or skin permeation have frequently used to prove the potential advantages of topical formulations containing lipid nanoparticles with vitamin E. On the other hand, the safety of these novel formulations should be explored. Therefore, it is frequent to find cytotoxicity or skin irritation studies as preliminary investigations with this objective. Table V shows the main results obtained in different in vitro studies carried out to investigate the potential effectiveness or toxicity of SLNs or NLCs containing VE.
These studies show that the encapsulation of VE in SLNs/NLCs can increase UV absorption, occlusion capacity, photoprotective effect and skin permeation of vitamin E, with low cytotoxicity and without skin irritation.
In vivo studies of lipid nanoparticles containing vitamin E
It is common to find in the scientific literature the studies carried out with animals having different purposes. However, to the best of our knowledge, such experiments do not appear in the specific works about solid lipid nanoparticles containing vitamin E. This could be related to the fact that vitamin E is a well-known and comprehensively studied active agent. Another reason could be that today many in vitro tests are available for the evaluation of potential effectiveness or toxicity of vitamin E or any drug for topical administration. These tests provide enough information without the use of animals.
Studies involving human volunteers are scarce too. In fact, we only found one report [44] . In this study, solid lipid nanoparticles incorporating vitamin E were administered on areas of 4 cm 2 of the forearms of healthy volunteers. The applied dose (0.25 mg cm À2 ) remained at the administration site for 30 min before the stripping process. Vitamin E was then extracted from the strips using methanol and further analysed by HPLC. The analyses revealed that more vitamin E was accumulated in the stratum corneum when the formulation containing SLNs was used. The authors interpreted this finding in two ways: the occlusive effect promotes penetration of vitamin E and active ingredients incorporated in this kind of delivery system can be released after application to the skin [44] .
Commercial products based on lipid nanoparticles loaded with vitamin E
Because of the benefits that lipid NPs can offer for topical administration of active agents, the existence in the market of several products based on this delivery system with VE is expected. However, we were only able to identify two of these products (Table VI) [63] , perhaps because usually the information about the delivery systems included in formulations is not detailed enough in the product description.
Regulatory issues
With recent advances in nanotechnology, the emergence of related pharmaceutical products requires the development of regulations that guarantee their safety [54] . A prerequisite for introducing a product in the pharmaceutical market is the use of excipients accepted by regulatory authorities, because companies do not want to assume the costs of toxicity and safety studies of new excipients. This is a problem for most of the new drug delivery systems. However, in the case of lipid nanoparticles, the scenario is more favourable. This is because most of the excipients used to prepare lipid nanoparticles slated for topical administration are already approved by regulatory agencies because they have been used in topical formulations for many years [35] . However, these particles are quite small, which gives them special characteristics. Consequently, nanoparticles must be considered a new class of materials for regulation purposes [58] . Particles having diameters smaller than 100 nm can normally be taken up by all cells of the body through endocytosis. Thus, they have a priori a higher toxicity potential and they can be considered harmful in a general way [19] . But lipid nanoparticles, and specifically those prepared with vitamin E, can escape from this classification because generally they are fabricated with approved excipients and also it is more common to prepare nanoparticles with size greater than 100 nm [19] . However, more published data about the toxicological problems associated with lipid nanoparticles could provide the groundwork for proper regulations. So, it is important for developers of these systems to carefully evaluate the safety of each candidate. This will provide enough information to develop an objective opinion about the real toxicity of lipid nanoparticles as new drug delivery systems.
Concluding remarks
The interest in encapsulating vitamin E is increasing, reflected in the growing number of investigations in this field. From a comprehensive analysis of all the investigations published about SLNs and NLCs containing vitamin E, some advantages were demonstrated:
• this active agent can be encapsulated with high efficiency (close to 100%) due to its excellent compatibility with several lipid systems, • it is possible to fine-tune the properties of the nanoparticles by varying the composition of the systems and using different experimental conditions, • vitamin E conserves its antioxidant activity after encapsulation in lipid nanoparticles, • the inclusion of vitamin E in SLNs or NLCs protects this substance against photodegradation and allows its controlled release and • SLNs or NLCs containing vitamin E can be formulated in conventional creams or gels maintaining its physical stability and desired properties.
In spite of the positive results listed above, there are still issues to be addressed more deeply to achieve the practical application of these systems in the development of successful products. First, more attention to quantify the encapsulated vitamin E should be considered for future works. This is supported by the importance of this parameter for further practical applications of lipid nanoparticles containing this compound. Second, the use of the statistical experimental design to optimize the lipid nanoparticles' properties should be exploited more. Third, to increase the modelling of vitamin E release profiles can improve the prediction capacity and thus the possibility to programme the desired results. And finally, it is important to emphasize that the nanosuspension of SLNs or NLCs does not constitute a pharmaceutical dosage form, so it should be included in a suitable formulation (e.g. cream or gel). Consequently, it would be useful to increase the investigations in that direction.
Despite the unsolved problems associated with the application of lipid nanoparticles, the interest of the scientific community in these systems is growing due to the potential advantages they offer. Accordingly, lipid nanoparticles are an attractive drug delivery system to develop advantageous pharmaceutical and cosmetic products with vitamin E.
